YITP-98-37 



, hep-ph/980737S 



Non-factorizable contributions 
in hadronic weak decays of charm mesons 



K. Terasaki 
Yukawa Institute for Theoretical Physics, 
Kyoto University, Kyoto 606-01, Japan 
(July 1998) 



Abstract 

Two body decays of charm mesons are studied by describing their amplitude 
in terms of a sum of factorizable and non-factorizable ones. The former is 
estimated by using a naive factorization while the latter is calculated by using 
a hard pseudo-scalar-meson approximation. The hard pseudo-scalar-meson 
amplitude is given by a sum of the so-called equal-time commutator term and 
surface term which contains all possible pole contributions of various mesons, 
not only the ordinary {qq} but also four-quark {qqqq}, hybrid {qqg} and 
glue-balls. 

Naively factorized amplitudes for the spectator decays which lead to too 
big rates can interfere destructively with exotic meson pole amplitudes and 
the total amplitudes can reproduce their observed rates. The non-factorizable 
contributions can supply sufficiently large contributions to the color sup- 
pressed decays which are strongly suppressed in the naive factorization. A 
possible solution to the long standing puzzle that the ratio of decay rates for 
D° — ► K + K~ to D° — ► 7r + 7r~ is around 2.5 is given by different contributions 
of exotic meson poles. 
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I. INTRODUCTION 



Nonleptonic weak decays of charm mesons have been studied extensively by using the 
so-called factorization (or vacuum insertion) prescription However, recent semi- 

phenomenological analyses 0,f| in two-body decays of B mesons within the framework of 
the factorization suggest that the value of a 2 to reproduce the observed branching ratios for 
these decays [||,[5| should be larger by about a factor 2 than the one with the leading order 
(LO) QCD corrections where the color degree of freedom N c = 3 and that its sign 

should be opposite to the one in the large N c limit although the phenomenological value of 
ai is very close to the one expected in the same approximation, [ai and a 2 are the coefficients 
of four quark operators in the effective weak Hamiltonian in the Bauer-Stech-Wirbel (BSW) 
scheme []IL[2j which will be reviewed briefly in the next section.] The above fact implies that 
the large N c argument fails, at least, in hadronic weak decays of B mesons. Since the large 
N c argument is independent of flavors, it also does not work in nonleptonic weak decays of 
charm mesons. Therefore dominance of the factorized amplitude in charm decays looses its 
theoretical support since, in charm meson decays, the large N c argument is the only one 
known theoretical background to support the factorization prescription [7]. In fact, a naive 
application of the factorization to charm decay amplitudes causes many problems, for exam- 
ple, too strong suppression for the color mismatched decays like D° — > tt°K and D° — > 7r°7r°, 
too big rates for decays described by the so-called spectator diagrams like the Cabibbo-angle 
favored c — > s + (du)i and Cabibbo-angle suppressed c — > d + (du)i and c — > s + (su)i, 
too small ratio (less than unity) of the rates T(D° — ► K + K~) to T(D° — > 7t + tt~) although 
the observed value is around 2.5, etc., where (q'q)i denotes a color singlet pair of q' and 
q. To get rid of these problems, the factorization has been implemented by multiplying the 
factorized amplitudes by phase factors arising from final state interactions. However, the 
final state interactions are realized by dynamical contributions of various hadron states. 

Using a hard pseudo-scalar-meson approximation, the present author has studied dy- 
namical contributions of various hadron states to charm meson decays and has given a hint 
to solve the above problems in charm meson decays f||||]. However, in these analyses, the 
amplitudes did not include the factorizable contributions so that the results were not nec- 
essarily satisfactory, i.e., these analyses could not satisfactorily provide an overall fit to the 
observed rates of Cabibbo-angle favored and suppressed decays of charm mesons. On the 
other hand, a recent analysis in hadronic weak decays of B mesons |10| by assuming that 
their amplitude can be given by a sum of factorizable and non-factorizable ones suggests 
that, only in some processes under a particular kinematical condition (a heavy quark goes to 
another heavy quark plus a pair of light quark and anti-quark with sufficiently high energies 
like B — > Dn and D*tt), the factorization works well while non-factorizable contributions are 
important in the other decays, in particular, in color suppressed decays. It seems to imply 
that the naive factorization is not guaranteed by the large N c arguments but it works well 
under some special kinematical condition [|lTJ. In this article, we reanalyze two body decays 



of charm mesons describing their amplitude by a sum of factorizable and non-factorizable 
ones. We will review briefly the naive factorization and list the factorized amplitudes for 
two body decays of charm mesons in the next section. Non-factorizable amplitudes in a hard 
pseudo-scalar-meson approximation will be presented in section III. In section IV, we will 
compare our result with experiments. A brief summary will be given in the final section. 
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II. FACTORIZED AMPLITUDES 



Our starting point in this article is to describe the two body decay amplitude by a sum 
of factorizable and non-factorizable ones [|T(]] . 

M total = M fact + M non _ f . (1) 

The factorizable amplitude Mf act is evaluated by using the factorization in the BSW scheme 
HUH] in which the relevant part of the effective weak Hamiltonian responsible for the charm 
decays is given by 

H* sw = ^=[ ai 0{ s ' c)H + a 2 { / c)H + (penguin term) + h.c). (2) 

It can be obtained by applying the Fierz reordering to the usual effective Hamiltonian, 

H w = ~^{ Cl ^ S ^ + c ^0 2 ^ + (penguin term) + /i.e. j, (3) 

where C\ and c 2 are the Wilson coefficients of the normal ordered four quark operators, 

0{ s ' c) =: (ud') v _ A (s'c) v . A :, Of c) =: (s'd') v _ A (uc) v _ A : . (4) 

Here d! and s' denote weak eigen states of the down and strange quarks, respectively, and 
(ud)v-A = ""7^(1 — 7s)<i, etc. We do not explicitly show the possible penguin term through 
which s-channel pole contributions of a scalar glue-ball can play a role in Cabibbo-angle 
suppressed decays, since its explicit expression will not be needed. The quark bilinears in 
0[ S ' C)H and { / c)H are treated as interpolating fields for the mesons and therefore should be 
no longer Fierz reordered. The coefficients a\ and a 2 in Eq.(^) are given by 

ai = c x + — , a 2 = c 2 + — . (5) 

The LO QCD corrections lead to a x ~ 1.09 and a 2 ~ 0.09 for iV c = 3 @. 

The factorization prescription in the BSW scheme leads to the following factorized am- 
plitude, for example, for the D + (p) — > K°(p')ir + (q) decay, 

M (act (D + (p) - K°(p')n + (q)) 

= ^^ s ^{a 1 (7r + (g)|(nrf) y -A|0)(ir (p , )l(^)y--A| J D + (p)) 

+a 2 (K°(p')l(^)^|0)(7r + (g)|(«c)^A| J D + (p))}. (6) 

where Uij is the Cabibbo-Kobayashi-Maskawa (CKM) matrix element which is taken to 
be real in this article since CP invariance is always assumed. Factorizable amplitudes for 
the other two-body decays also can be calculated in the same way. 

To evaluate the factorized amplitudes, we use the following parameterization of matrix 
elements of currents, 

{*{q)\Al\G) = -iUq^, etc., (7) 

and 
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Table I. Factorized amplitudes for two-body decays of charm mesons. The ellipses 
denote neglected contributions proportional to /_. 



Decay 



D+ - 




D° - 


-> n + K- 


D° - 




Dt~ 


->K + K° 


D°- 


-> 7T + 7T~ 


D° - 


♦ TtV 


D+ - 


^TT + TT 


D°- 


*K°K° 


D°- 


-> K+K- 


D + - 




Dt- 


^7l + K° 







Mt 



iU cs Uud^a 1 f 7T (m 2 D - m 2 K )f_ 



fact 

KD 'm 2 : 



x { 1 + ( f ) ( /w ) ( Zi-Zi ) ( \ ) } + 



KD 



iUc S Uud^\l\a 2 fK{m 2 D - m 2 n )f[ 
iUc S Uud^a2fK{m 2 Ds - m 2 K )f. 



m 

KD. 



K ■ 
+ ■ 



-fi (ml)' 



in 



K, 



III 



K, 



) + 
+ ■ 



—% 



UcsUus^atf^mf) - ml)f. 



G ~ 



+ 



+ 



U cs U us ^\{ ai + a 2 )f w (m 2 - ml)f* 




[ml 



+ 



iUcsUus^aJ, 



K{m 2 D 



m 2 K )f. 



KD, 



-iU cs U us ^a 1 f 7r (m 2 Ds -m 2 K )f. 

jTJ TJ Qf. 



K. 
K 7TV K 

KD, 



\a 2 Um 2 Ds -m 2 K )f^{ml) + 



+ ... 
+ ••• 
+ ■ ■ 

,2- 



(AV)|VjD(p)) = (p + p')»f« D (q 2 ) + q»f« D (q 2 ), etc., (8) 

as usual, where q = p—p'. Using these expressions of current matrix elements, we obtain the 
factorized amplitudes for two-body decays of charm mesons listed in Table I, where terms 
proportional to /_ are neglected since their coefficients are small or since /_ is expected 
to be small for large values of its argument. It is seen that the factorized amplitudes for 
D° — > 7r°7r and D° — > n°K° described by the color mismatched diagrams, c — > (dd)i + u 
and c — > (sd)i + u, respectively, are much smaller (the color suppression) than those for 
the spectator decays (because of |ai| 3> \a 2 \)- The factorized amplitude for Df — > K + K° is 
described by a sum of the color mismatched diagram and the so-called annihilation diagram 
in the weak boson mass my/ — > oo limit. The former is again proportional to a 2 . The 
latter is proportional to f_ K {m 2 D ) and neglected. However the observed rates for these 
decays are not very small. The vanishing factorized amplitude for D° — > K°K° reflects a 
cancellation between two possible annihilation diagrams while the measured rate for this 
decay is a little smaller than the ordinary ones but not extremely suppressed. To get rid of 
these problems, the factorization has been implemented by multiplying the amplitudes by 
phase factors arising from final state interactions ||. However, the final state interactions are 
realized by dynamical contributions of various hadron states. Therefore, we study explicitly 
the dynamical contributions of various hadrons as the non-factorizable amplitudes in the 
next section. 
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III. NON- FACTORIZ ABLE AMPLITUDES 



Now we study non-factorizable amplitudes for two-body decays of charm mesons, 
P\{p) ^2(p0 + ^3(9)- As mentioned in the previous section, we assume that they are 
dominated by dynamical contributions of various hadron states. Then they can be estimated 
by using a hard pseudo-scalar-meson approximation in the infinite momentum frame (IMF, 
i.e., p — > 00). It is an innovation of the old soft pion technique [13|. The non-factorizable 
amplitude in this approximation is given by [ |il] . |T5[ 



M non _ f (Pi -> P2P3) ^ M ETC (P 1 -> P 2 P 3 ) + M S (P 1 -> P 2 P 3 ). (9) 
The equal-time commutator term (Metc) an d the surface term (Ms) are given by 



M ETC (Pi -> P 2 P 3 ) 



-(P 2 |[^p 3 ,^]|P 1 } + (P 2 ^P 3 ) 



(10) 



p 3 



and 
M s (Pi 



P2-P3J 




'^)(P 2 \A h \n)(n\H w \P 1 ) 



(P 2 \H n 



A P \P 1 )\ + (P 2 



Ps 



respectively, where [T4 + P w ] = has been used. (See Refs. |L4| and [0 for notations.) 
Metc has the same form as the one in the old soft pion approximation but now has to 
be evaluated in the IMF. The surface term has been given by a sum of all possible pole 
amplitudes, i.e., n and I run over all possible single meson states, not only ordinary {qq}, 
but also hybrid {qqg}, four-quark {qqqq} and glue-balls. Since the value of wave function of 
orbitally excited {qq} l^o state at the origin is expected to vanish in the non-relativistic quark 
model, or more generally, wave function overlappings between the ground-state {qq}i=o and 
their excited states are expected to be small, however, we neglect contributions of these 
states. In the ^-channel [the second line of the right-hand-side of Eq.(ll)], excited meson 
contributions will be not very important because of mj > m Pl 3> mp 2 if £ is an excited- 
state meson. In contrast, in the s channel, we need to treat carefully contributions of exotic 
(non-{gg}) mesons to charm decays (if they exist) since they have been predicted around 
charm masses. The s channel of the color favored and mismatched spectator decays proceeds 
via four quark states after the weak interactions and therefore four-quark meson poles can 
contribute to these decays. However, in the annihilation decays in the weak boson mass 
mw — > 00 limit, their s channel is given by {qq} state just after the weak interactions. 
Therefore we expect that the ground-state {qq}o and hybrid mesons can give important 
s-channel pole contributions to these decays. (However, we neglect contributions of scalar 
hybrids in this article since their masses have been expected to be considerably lower than 
the charm ones |L6| and their contributions will be small.) The s-channel penguin can 
induce an s-channel pole contribution of glue-ball. In this way, the hard pseudo-scalar- 
meson amplitude in Eq.(||) with Eqs. fllOD and (|TT| ) as the non-factorizable contribution is 
described in terms of asymptotic matrix elements (matrix elements taken between single 
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hadron states with infinite momentum) of charges Vi and Aj, (i = n and K), and the 
effective weak Hamiltonian H w . 

Asymptotic matrix elements of isospin and flavor SUf(3) charges, V n and Vk, are pa- 
rameterized as 



71 



"IK+Itt") = ^{K+lVx+lK ) = -V2(D + \V n+ \D°) 

-2(K + \V k+ \ti ) = -V2(D+\V K+ \D°) = - ■ ■ = V2. (12) 



The above parameterization can be obtained by applying asymptotic SUf(A) symmetry [17 
or SUf(4:) extension of the nonet symmetry in SUf(3) to the matrix elements or by using 
the quark counting. Matrix elements of axial counterpart, A n and Ak, of the above V n and 
Vk are parameterized as 

(p°K+IO = V2(K* + \A„ + \K ) = -y/2(D* + \A„ + \D°) 
= -2(K* + \A k+ \ti ) = -V2(D* S + \A K+ \D°) = --- = h (13) 



in the same way as the above. The above parameterization reproduces well [|15|,|l!| the 
observed decay rates for D* — > Dtt and D* — > Z>y. 

Next, we parameterize asymptotic matrix elements of H w using quark counting ||. We 
expect that the factorization will not be a good approximation to estimate asymptotic 
matrix elements of H w since one of the external states in these matrix elements contains only 
light quarks and weak interactions occur in a deep sea of soft gluons where color degree of 
freedom of quarks will be compensated by soft gluons. Therefore, we forget the color degree 
of freedom of quarks for the moment and count only their flavors (and hence connected 
quark-line diagrams). Now we review the procedure to parameterize the asymptotic matrix 
elements of H w . To this, first, we rewrite the effective weak Hamiltonian in Eq.@ as 

H w = — ^|c_Oi s ^ + c + 0+ ^ + (penguin term) + /i.c.j, (14) 



where 



(s'c) = (s'c) ± ( S 'c)_ (15) 

The four-quark operators 0± c ^ belong to 64 and 20", respectively, of SUf(A) in its sym- 
metry limit. The normal ordered four-quark operators 0±* ^ can be expanded into a sum 
of products of (a) two creation operators in the left and two annihilation operators in the 
right, (b) three creation operators in the left and one annihilation operator in the right, (c) 
one creation operator in the left and three annihilation operators in the right, and (d) all 
(four) creation operators or annihilation operators of quarks and anti-quarks. We associate 
(a) — (d) with quark-line diagrams describing different types of matrix elements of 0± c \ For 
(a), we utilize the two creation and annihilation operators to create and annihilate, respec- 
tively, the quarks and anti-quarks belonging to the meson states \{qq}) and ({qq}\ in the 
asymptotic matrix elements of 0± c \ For (b) and (c), we need to add a spectator quark or 
anti-quark to reach physical processes, ({qqqq} \0± c '\{qq}) and ({qq}\0±'\{qqqq}}, where 
{qqqq} denotes four-quark mesons [|1^]. They can be classified into the following four types, 
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{qqqq} = [qq][qq] © (qq)(qq) © ± (<7<7) [<?<?]}• Here () and [] denote symmetry and 

anti-symmetry, respectively, under the exchange of flavors between them. Since only the 
first two can have J p ^ = + ( + \ we here consider contributions of them. These two types 
of four-quark mesons are again classified into two different types with two different combi- 
nations of color degree of freedom, i.e., one consists of color singlet {qq} pairs and the other 
consists of color octet {qq} pairs. They can mix with each other. Their mass eigen states 
are listed in the tables in APPENDIX A. As seen in these tables, the predicted masses of the 
lighter components with relevant quantum numbers are much smaller than the charm mass 
while some of the heavier ones (with * in the tables) can have masses close to the charm 
mass. We here take into account only contributions of the latter as an approximation. (For 
more precise arguments, we need all contributions of these exotic mesons.) 

Counting all possible quark-line diagrams, we obtain sum rules which should be satisfied 
by asymptotic matrix elements of 0± C K In this process, symmetry (or anti-symmetry) 
property of wave functions of external meson states under exchange of their quark and 
anti-quark plays an important role and therefore we have to be careful with the order of 
the quark(s) and anti-quarks(s) in 0± . Noting that the wave function of the ground-state 



{qq}o meson is antisymmetric |20] under the exchange of its quark and anti-quark, we obtain 

(s'c) n-ni 

the following constraints on asymptotic matrix elements of 0± ||, 

({qq}o\0 { :' c) \{qq}o) = 0, (16) 

( [qq] [qq] \o { ;' c) \{qq} ) = ({qqUo^ c) \[ qq } [m\ ) = o, (17) 

((qq)(qq)\0 { - c) \{qq}o) = ({w}o|Oi s ' c) |(gg)(gg)) = 0, (18) 

and then, from them, we can obtain selection rules of asymptotic matrix elements of H w . 
We summarize and parameterize them in APPENDIX B which have been given separately 



in Refs. || and |2l |. Inserting the above parameterizations of asymptotic matrix elements 
of A n , Ak and H w into Ms in Eq.(|TTD, we obtain pole amplitudes including contributions 
of the {qq}o, [qq][qq] and (qq)(qq) mesons. 

A scalar glue-ball can give an important contribution, as an s-channel pole, to Cabibbo- 
angle suppressed decays through the s-channel penguin diagram. It can mix with scalar 
iso-singlet {qq} mesons. The glue-rich component of the mixture is described by S*. We 
parameterize the ratio (K\Ak\S*) to {^1^1^ |iS*) by 

(19) 



{K+ 


A K + 


\s*) 


(tt+ 




S*) 



and then the residue of S* meson pole as 

(K + \A K+ \S*)(S*\H W \D°) = -k g (7r + \H w \D + ). (20) 
Then the glue-ball contributions to the D KK and D — ► tttt decays are given by 

M { / ue \D° - K°K°) = ±( 7r +\H w \D+)( m f ~ m \ ) 2k g (21) 

JK \ m D- m S*/ 

= M { i lue) {D° -> K+K-), (22) 
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M (glue)^ D o 



7T° 7T° 



-U* + \n»\D + ) lfm2D ~ ml 



Z\m 2 r 



\2k n 



D 



m 



-M, 



(glue) i n o 



(D — > 7T 7T~ ). 



(23) 
(24) 



An amplitude for a dynamical hadronic process can be decomposed into (continuum 
contribution) + (Born term). In the present case, Ms is given by a sum of pole amplitudes 
and therefore Metc corresponds to the continuum contribution |22| which can develop a 
phase relative to the Born term. Therefore we here parameterize the ETC terms using 
isospin eigen amplitudes and their phases; e.g., for the Metc(D — > 7rR~)'s, 

(25) 

(26) 
(27) 

(27) 

where M ET qS are the isospin eigen amplitudes with isospin / and 821 s are the corre- 
sponding phase shifts introduced [p3|l . Metc's for decays into KK and tttc final states 
can be parameterized in a similar way. Since Metc(D° — > K°K°) = 0, we obtain 
M { ^ C (D -> KK) = M { etc( d -> KK) and 5 (KK) = 5 2 (KK), which lead to 



M ETC (D° - 


-> n + K-) = 


~ ii4? c (D - 


■> uK)e iS ^ R) 


+ ~ M« C (D - 


* TrK)e l5l{wR \ 


M ETC (D° - 


^7T°K°) = 


-^Mg) c (D - 


-> nK)e i53{wR) 




-+ 7rK)e i5l{7rR) 


M ETC ( J D + - 


-> 7T + /?°) = 


ii4? c (D - 


-> 7iK)e i53{nR) 







M E tc(D° -> = M E tc(D + -> ^r+ir ) 



■(7r + |i/ w |D + )e J<52( ^ ) . 



(28) 



A 



The parameterization of Metc(D — ^ tttt) is taken to be compatible with that of the D — > 7r7r 
amplitudes in Ref. [2J|. Because of the selection rule from Eq.(|T^), we obtain 



Metc{D - tttt) = 0, 



Mg c (£> - tttt) 



(7r+|iJ u ,| J D + )e i<5o( " ) , 



M ET c(Dt ^ + ^°) 



A 



since the final state i^" 1 "^ is of 7 = 1. For the Cabibbo-angle favored .D 
suppressed Z)+ — > (7r/\") + decays, their ETC terms are given by 





-> vriT) = 


Mg a (U - 


-> ttJ?) = 


M^ c (Df - 


-> (7^)+) 




- (ttK) + ) 



i 

V2U 



(* + \H w \D+) 
(ii + \H w \Df) 



■(tt + \H w \D + ) 



V2j\ 



2 V«: 

f— y 

2Va 

Z' 
./a 



i<53(7rA) 



^^(ttA) 



^(ttA) 



(29) 
(30) 

(31) 
tiK and 

(32) 
(33) 
(34) 
(35) 
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In this way, the final state interactions are included in the non-factorizable amplitudes in the 
present perspective. It should be noted that ETC terms for decays into exotic final states 
vanish (in the SUf(3) symmetry limit, i.e., fx = fw)- 

In the approximation in which pole contributions of the ground-state {qq}o, scalar [qq] [qq] 
and (qq){qq) mesons and a glue-ball to Ms are taken into account, we obtain the non- 
factorizable amplitudes for the D — > ttK, txtx and KK and — > (KK) + and (irK) + 
decays inserting the above parameterizations of asymptotic matrix elements of charges and 
the effective weak Hamiltonian and the ETC terms implemented by the phase factors into 
Eq.(|) with Eqs.(|TD]) and (|TJ. The result is listed in APPENDIX C. 

IV. BRANCHING RATIOS 

Now we compare our result with experiments. To this, we need to know values of 
parameters involved in our total amplitude (a sum of the factorized amplitude listed in 
Table I and the corresponding hard pseudo-scalar-meson amplitude listed in APPENDIX 
C). We take the following values of the CKM matrix elements and the decay constants 
i; U us = -U cd = 0.21, Uc = U ud = 0.98 and / w = 132 MeV, f K = 159 MeV. To 
calculate decay branching ratios, we use the central values of the observed lifetimes of charm 
mesons §; t{D+) = (1.057 ± 0.015) x 10~ 12 s, t(D°) = (0.415 ± 0.004) x 10" 12 s and 
T (D+) = (0.467 ±0.017) x 10" 12 s. 

The factorized amplitudes listed in Table I contain the form factors, / + (g 2 )'s. We put 
/ + (m 2 ) ~ /+(0) since m 2 is very small. The estimated values of /+(0)'s are summarized in 
Ref. § as 

0.75 ±0.02 ±0.02, (36) 

1.0^ ±0.4, [Mark III], (37) 

1.3 ±0.2 ±0.1, [CLEO]. (38) 

The above result is compatible with the SUf(3) symmetry and therefore we assume that 

/fV 2 ) ~ fl D {ml) ~ f« D °{ml) ~ ff'(m*) * /f D (0). (39) 

In this way, we can obtain the factorized amplitudes which provide the branching ratios 
B in Table II. It is seen that the branching ratios for the so-called spectator decays, 
D + — > 7T + 7r° and D + — ► tt + K°, are too big and that the color suppressed decays, D° — ► 7r 7r 
and D + — > 7i°K°, are too strongly suppressed as mentioned before. 

Now we evaluate the non-factorizable amplitudes listed in APPENDIX C. The asymp- 
totic matrix elements of A n and Ak which have been parameterized in Eq.(^) are estimated 
to be \h\ ~ 1.0 |T^JT5|1 by using partially conserved axial- vector current (PCAC) and the 
observed rate 0], T(p — > mv) eX p t ~ 150 MeV. 

We here assign /j(1710) to the glue-rich scalar S* and take T/j = 175 ± 9 MeV || as 
the width T$* of S*. Then can be estimated from the observed width of fj and 

the ratio of its partial widths 



/+ (fyexpt — 

7f(Q) " 
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r(/j - vrvr) 



r(/ J - kk) 



= 0.39 ±0.14 (40) 

expt 

as |(-ft' + |A^+|S'*)| < 0.15 by using PCAC. They are really small as expected. It implies 
that overlapping between wave functions of the ground-state-meson and the glue-ball (or 
glue-rich meson) is very small. Therefore size of matrix element of H w taken between S* 
and K will be much smaller than that between ir and K, and hence the size of k g will be 



much smaller than unity. Z in Eq.flT9|) also can be estimated to be Z ~ 2.0 [5B[] from the 



above value of the observed ratio of decay rates, Eq.(f40|), where we have taken the same sign 
between (K + \A K +\S*) and (tc + \A+\S*) as expected in the SUf(3) symmetry. 

Although existence of four-quark mesons has never been confirmed, indications of their 
existence are increasing [^7J|. We here take the predicted values of [qq] [qq] meson masses listed 
in Table Al(a) in APPENDIX A. However, the predicted {qq){qq) meson masses listed in 
Table A2(a) satisfy m E * w < m D < fn E * K . In this case, it is hard that the (qq)(qq) meson pole 
amplitudes for the spectator decays, D + — > tt + K° and D + — > 7r + 7r°, interfere destructively 
with their factorized amplitudes, simultaneously. [The naively factorized amplitudes have 
lead to too big rates for the spectator decays as discussed before.] Since the predicted values 
of their masses still would have ambiguities, however, we here shift up the mass values of 
(qq)(qq) mesons by 100 MeV from the predicted ones to obtain mo < mE* w < vtie* which 
leads to a destructive interference between the factorized amplitudes and the four-quark 
meson pole amplitudes for the D + — > tt + K° and D + — > 7r + 7r°. Masses of four-quark mesons 
containing a charm quark listed in Tables Al(b) and A2(b) are estimated crudely by using 
the quark counting since our result is not very sensitive to them. Although widths of four- 
quark mesons are also still not known, the [qq] [qq] mesons with * are expected to be narrower 
than the corresponding (qq)(qq) mesons |i"9"| . 

For the phases ^/'s arising from contributions of non-resonant multi-hadron intermediate 
states with isospin /, they will be restricted in the region |5 2 /| < 90°. (Resonant contributions 
have already been extracted as pole amplitudes in Ms-) We here treat them as adjustable 
parameters which are restricted in the region 1^2/ 1 < 90° as mentioned above and satisfy the 
relations 

5 (7T7r) = 5 (KK) = 5 2 (KK) = K) = S^ttK) = 5. (41) 

The second equality has been obtained previously and the others are expected in the SUf(3) 
symmetry limit. However the exotic phase shift 5^{txK) is treated as a parameter indepen- 
dent of non-exotic Si(tiK). 

The remaining parameters are k*, k* and k g which provide the residues of poles of 
[qq] [qq], (qq)(qq) and glue-ball, respectively. Since overlappings between wave functions of 
these exotic mesons and the ground-state ones are expected to be very small, values of these 
parameters will be much smaller than unity, i.e., \k g \, \k*\, \k*\ 1. It was predicted (19 



that the couplings of the four-quark and (qq)(qq) mesons with * to the ground-state 

mesons would be small because of the structure of their wave functions with respect 
to spin and color degree of freedom and that the (qq)(qq) mesons with * would couple to 
the ground-state mesons much more weakly than the [gg] mesons. The above 

statement implies that \k*\ \k*\. 

For values of the asymptotic ground-state-meson matrix elements of H w , (tt + \H w \D^) , 
etc., we have no information. Therefore we here treat the above matrix element in addition 
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to the parameters mentioned above as adjustable parameters and look for overall fits to the 
observed branching ratios for two body decays, where the latter parameters are not perfectly 
free but restricted as discussed above, i.e., \k g \ < 1, \k*\ <C \k*\ < 1 and \5\, \S exotic \ < 90°, 
where 5 is given in Eq. (|4lD and S exot i C is the strong phase in the exotic ttK (or K) channel, 
bexotic = 6 3 {irK) = 6 3 (irK). 

We can reproduce remarkably well the observed branching ratios for Cabibbo-angle fa- 
vored and suppressed two body decays of charm mesons, simultaneously, by taking rea- 
sonable values of parameters involved, i.e., very small values of parameters providing the 
residues of poles of glue-ball, [gg] [<?<?] and (qq)(qq) mesons, \k g \ ~ 0.1, ~ 0.1 and 
\k*\ ~ 0.01, respectively, the predicted mass values of [g^] mesons in Ref. |19|] but (qq)(qq) 
meson masses larger by 100 MeV than the predicted ones, and their widths, relatively nar- 
rower r^gg] ~ 0.2 GeV and rather broader ^(g q )(qg) ~ 0.4 GeV. These are compatible with 



the discussions in Ref. ||19|| . For the phases of the ETC term relative to the surface term 
in the narrow width limit, which are expected to arise from contributions of multi hadron 
intermediate states, rather large values (•> 70°) of these phases in Eq. (|4T|) are favored while 
our result is not very sensitive to the value of the exotic phases £3 (7r.fr) and 63(71 K) since 
contributions of the ETC terms into exotic final states are small (vanishing in the SUf(3) 
symmetry limit, i.e., fx = fn)- For the asymptotic ground-state-meson matrix element of 
H w , Cabibbo-angle favored and suppressed ones separately satisfy the charm counterparts of 
the (asymptotic) AJ = | rule in the strangeness changing hadronic weak interactions of K 
mesons, and are related to each other by using (asymptotic) SUf(3) symmetry as discussed 
in APPENDIX B. Therefore we here consider only the matrix element of the Cabibbo-angle 
favored Hamiltonian, (ir + \H w \Df) , which favors values not very far from 

(7r+\H w \Df) iact = 9Zu ud U cs {ml + m 2 Dt }Uf D ,c- ~ 0.078 x lO" 5 (GeV) 2 (42) 

obtained by using a factorization compatible with the quark counting discussed before. In 
the above estimate of {7T + \H w \D+)f act , we have taken c_ = 0.885 (and c + = 0.375) with the 
leading order QCD corrections || and a recent lattice result on the decay constant, fu s ~ 216 
MeV |25| . It may imply that our estimate of asymptotic matrix element of H w is reasonable 
(but it does not necessarily imply that the factorization is a reliable approximation). 

As an example, a typical result is shown in Table II where we have taken the follow- 
ing values of unknown parameters; the asymptotic matrix element of H w , (tt + \H w \D+) ~ 
0.0695 x 10~ 5 (GeV) 2 , which is not very far from the above (TT + \H w \D^)f SiCt , the strong 
phases, 60(7111) = 5i(ttK) = 5i(tcK) = 5 3 (ttK) = S 3 (nK) = 85°, and the residues of meson 
poles, k = 0.71, k* a = -0.20, k* = -0.02, k g = 0.085. It is seen, from Table II, that the 
naively factorized amplitudes for the so-called spectator decays which lead to too big rates 
for these decays interfere destructively with the exotic meson pole amplitudes as expected. 
The non-factorizable amplitudes can supply significant contributions to the so-called color 
suppressed D° —>■ n°K° and D -> 7T 7r° which are strongly suppressed in the naive factor- 
ization. To solve the well-known puzzle that the observed ratio of rates for D° — > K + K~ to 
D° — > 7r + 7r~ is around 2.5, a peculiar SUf (3) symmetry breaking may have to be introduced 
p9| . In the present case, such a symmetry breaking can be realized dominantly by different 
contributions of meson poles, i.e., m 2 D — m|* 3> m 2 D — m| s ,. It is known that the 

D° — > K°K° decay is described by two annihilation diagrams (in the mw —* 00 limit) which 
cancel each other. Therefore both the factorized and the non-factorizable amplitudes for 
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Table II. Branching ratios (%) for two-body decays of charm mesons where a± = 
1.09 and a 2 = —0.09 have been used. Values of parameters introduced are 
tentatively taken as follows; the matrix element (it + \H w \D + ) ~ 0.0695 x 10 -5 
(GeV) 2 , the phases 5 (tttt) = S^ttK) = = 5 3 (nK) = 6 3 (ttK) = 85°, 

and the parameters providing the residues of various meson poles k$ = 0.71, 
k* a = -0.20, k* = -0.02, kg = 0.085. B {act , -B non -f and -B to tai include only the 
factorized amplitude, only the non-factorizable one (involving the {qq}o, [qq][qq] 
and (qq)(qq) meson poles) and the sum of them, respectively. The data values 
are taken from Ref. ]2"8"[ . 



Decay 


-Bfact 


-Snon— f 


Btotal 


Bexpt 




9.66 


2.15 


2.71 


2.74 ±0.29 


D° -> 7T+K- 


4.66 


6.75 


3.91 


3.83 ±0.12 


D° -> n°K° 


0.03 


1.94 


2.26 


2.11 ±0.21 


D+ -> K+K" 


0.06 


3.82 


2.93 


3.6 ± 1.1 


D° -> 71 + 71- 


0.29 


0.68 


0.14 


0.152 ±0.011 


D° -> 7T 7T 


0.00 


0.05 


0.05 


0.084 ±0.022 


L>+ -> 7T+7T 


0.31 


1.11 


0.25 


0.25 ±0.07 




0.32 


0.19 


0.41 


0.43 ±0.03 




0.00 


0.12 


0.12 


0.13 ±0.04 


-> ^+^° 


0.81 


1.29 


0.98 


0.72 ±0.12 


D+ -> 7T+K° 


0.32 


0.14 


0.22 


< 0.70 




0.00 


0.02 


0.02 


< 0.70 



this decay vanish. However the s-channel penguin can induce a pole contribution of scalar 
glue-ball or glue-rich scalar meson which leads to a reasonable size of rate for this decay in 
consistency with the D° — > txtx and K + K~ decays. 

V. SUMMARY 

Two body decays of charm mesons have been studied by describing their amplitude in 
terms of a sum of factorized and non-factorizable ones. The former has been estimated by 
using the naive factorization in the BSW scheme while the latter has been calculated by 
using a hard pseudo-scalar-meson approximation. It has been given by a sum of the equal- 
time commutator term and the surface term which contains pole contributions of various 
meson states, not only the ground-state {qq}o mesons but also a glue-ball and exotic {qqqq} 
mesons with J p ^ = +( - + \ 

In this way, a possible solution to the long standing problems in charm meson decays 
has been given, at least, qualitatively. Factorizable contributions which lead to too big 
branching ratios -Bfact's for the spectator decays like D + — > 7r + 7r° and tt + K° can interfere 
destructively with non-factorizable ones and a sum of these two contributions can reproduce 
their observed values of branching ratios. The naive factorization also leads to too strong 
color suppression. However, non-factorizable amplitudes can supply sufficient contributions 
to the color suppressed decays. The observed branching ratios for the mixed decays which 
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have both contributions from the spectator and the color mismatched diagrams can be 
reproduced by interferences between the factorizable and the non-factorizable contributions. 

Two body decays of charm mesons into final states including t] or rj', in particular, decays 
into 717] and tttj' are interesting. However non-factorizable contributions to these decays are 
complicated |JtJ because of the rj-r/' mixing and therefore these decays should be investigated 
separately. 

For quasi two body D — ► VP decays, the mixing between iso-singlet mesons in the final 
states is rather simple, i.e., the uj-<p mixing is known to be approximately ideal. However, in 
these decays, all the four types of four-quark {qqqq} = [qq][qq^®(qq)(qq)®{[qq](qq)^(qq)[qq]} 
mesons can contribute except for annihilation decays. Fortunately, the decays, D° — > K°(f>, 
— > 7r + p° and tc + uj, are described approximately by annihilation diagrams and four- 
quark meson contributions can be neglected. Here the first one has been observed with 
a substantial rate but the last two are suppressed. Since the factorized amplitudes for 
these decays are always suppressed [I], the observed rates should be dominantly supplied by 
non-factorizable dynamical contributions of various hadrons in the present approach. The 
D° — > K°<f) amplitude is dominantly given by a sum of its ETC term describing contributions 
of multi hadron intermediate states and the K° meson pole amplitude |31 |. The observed 
suppression of the £>+ — > n + p° suggests that a hybrid pseudo scalar meson (tth) with a mass 
very close to ttid s and with a rather narrow width exists (a recently observed pseudo scalar 
hybrid meson 7r(1800) [|32| may be assigned to this one although its mass ~ 1.8 GeV is not 
sufficiently close to ttid s ) and that its pole contribution cancel a sum of the ETC term and 
the pion pole amplitude for this decay p3| . A strange component (Kh) belonging to the 
same multiplet as tth does not disturb our good result on the D° — > K°(f> decay. A recent 
observation of the D+ -> n+to with a small rate @, B(D+ -> wk + ) = (2.7 ± 1.2) x 1(T 3 , 
suggests that an iso-triplet hybrid meson with J PC = l + ~ exists but is not very close to 
rriD s (probably much lower than mo a as expected |16|) or couples very weakly to tiuj. Quasi 
two body decays of charm mesons including factorizable contributions will be investigated 
more extensively elsewhere. 

Finally, hadronic weak interactions of charm mesons are intimately related to hadron 
spectroscopy. More informations of hadron spectroscopy will be needed to find a more 
quantitative solution to the puzzles in hadronic weak interactions. 



The author would like to thank to Prof. T. E. Browder and the other members of high 
energy physics group of University of Hawaii for their discussions, comments and hospitality 
during his stay there. 
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APPENDIX A: FOUR-QUARK MESONS 



Scalar four-quark mesons with charm quantum number C = and 1 are listed, where S 
and / denote the strangeness and isospin. Particles with superscript s contain an ss pair. 
Mass values of non-charm (C = 0) mesons are given in Ref. Masses of four-quark charm 
(C = 1) mesons estimated by using the quark counting (with m u = rrid = 0, m s = 0.2 GeV, 
m c = 1.5 GeV and the predicted mass values of C = mesons mentioned above) are given 
between parentheses ( ). Particles containing double (ss) pairs and (cc) pair(s) are dropped 
since they do not contribute in this paper. 



Table Al(a). Ideally mixed scalar 



mesons with C = 0. 



s 


I = 1 




1 = 


Mass(GeV) 


1 




k 
k* 




0.90 
1.60 





5 s 
5 s * 




a 

a* 
a s 
& s * 


0.65 
1.45 
1.10 
1.80 


. Ideally mixed scalar [qq] [qq] mesons with C — 1 . 


S 


I = 1 




1 = 


Mass(GeV) 


1 


Fj 




F 
F* 


(2.4) 
(3.2) 







D 

D* 
D s 

jjs* 




(2.2) 
(3.0) 
(2.6) 
(3.4) 



Table A2(a). Ideally mixed scalar (qq)(qq) mesons with C = 0. 



s 


1 = 2 


1 2 


I = 1 


i = i 


1 = 


Mass(GeV) 


2 






Ekk 






1.55 








rp* 

Frk 






2.10 






E-kK 




C K 




1.35 


1 




rp* 




C* K 
C K 

/~1S* 




1.95 
1.75 
2.20 












c 


1.15 





rp* 




C* 




c* 
c s 

C s* 


1.80 
1.55 
2.10 
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Table A2(b). Ideally mixed scalar (qq)(qq) mesons with C = 1. 



s 


1 = 2 


n 

I = - 


I = 1 


T 

1 = 1 


/ = 


Mass(GeV) 


2 








Erf 




(3.1) 










Erf 




(3.7) 








E W F 




c F 


(2.9) 


1 






E* nF 




c* F 
c F 


(3.5) 
(3.3) 
(3.9) 










c D 




(2.7) 







E wD 




Ch 




(3.3) 








Cb 




(3.1) 
(3.7) 


-1 






Erd 

771* 

Erd 






(2.9) 
(3.5) 



APPENDIX B: ASYMPTOTIC MATRIX ELEMENTS OF H w 

Constraints on asymptotic matrix elements of H w have been previously derived by using 
an algebraic method based on commutation relations between charges and currents (and 
hence the effective weak Hamiltonian) and, then, by counting all possible connected quark- 
line diagrams. We here summarize a part of them which are useful in this paper. We 
here describe the Cabibbo-angle favored (AC = —1, AS = —1) and suppressed (AC = 
— 1, AS = 0) weak Hamiltonians as H w (—, — ) and ^(—,0), respectively, for convenience' 
sake. 

(i) Constraints on asymptotic ground-state-meson matrix elements of H w : 
(K° \H W (- -)\D°) = -(tt+\H w (-, -)\D+), 

(K* Q \H W (-, -W) = -(p + \H w (-, ~)\Dt) (Bl) 
= (K°\H W (- -)\D*°) = -(n+\H w (-, -)\D*°) = (V2k /h){K°\H w (- -)\D°), 



(tt+\H w {-,0)\D+) = -(K+\H w (-,0)\D+), 

(-k+\H w (-0)\D*+) = -(K+\H w (- : 0)\D*+) (B2) 
= (p+\H w {-,0)\D+) = -{K*+\H w {-,0)\Df) = (V2k /h)(n+\H w (-,0)\D+), 



where k = \J\h with h = (p°\A 7T + \tc~) has been obtained by using an algebraic method 
| 35| . It will be understood more intuitively since all the external states in the above matrix 
elements of H w are of helicity = states of the ground-state {qq}o mesons and the difference 
of spins will be not very important in the IMF. 
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(ii) Constraints on asymptotic matrix elements of H w between the ground-state-meson and 
meson states: 

(R*°\H W (--)\D°) = -(5 s *+\H w (-,-)\Df) = (kl/2A* a )(K°\H w (-, —)\D°), 
(K°\H W (- -)\D*°) = -(K°\H W (- -)\D S *+) 

= y/Z{«+\H u {- -)|F; + > = -Jl(n°\H w (-, -)\Ff) (B3) 

= CK/2A:)(K q \H w (-,-)\D°), 

{ (tt+\H w (-,-)\F*+) = 0, 

[ (S s *+\H w (-,0)\D+) = V2(5 S *°\H W (-,0)\D°) 
= (a*\H w (-,0)\D°) = -V2(a s *\H w (-,0)\D } = (k* a /2A* a )(K°\H w (-0)\D°), 
-V2(n+\H W (-,0)\D*+) = -2{n°\H w (-0)\D* ) (B4) 

= (K+\H V (- 0)\*7+) = (K°\H w (-,0)\Ff) = Ck/V2a:)(R°\h w (-,o)\d°), 
{ (K+\H w (-,0)\F*+) = 0, 

where A* a is the invariant matrix element of axial charge defined by A* a = — ^(k* + \A 7T +\K°) . 

(iii) Constraints on asymptotic matrix elements of H w between the ground-state-meson and 
(qq)(qq) meson states: 

I(E*i\H w (--)\D+) = (±)(El%\H w (--)\D°) 
3(C* R °\H w (-,-)\D°) = V3(CT + \H w (-,-)\Df) 

= (k*JA*)(K°\H w (-,-)\D°), 

JI(«+\h w {- -)\e;$) = fi{*°\H v (- -)\E? F ) 

-(p{K°\H w (--)\E^ D ) = ^(K-\H w (--)\E^) 

3(K°\H w (--)\Ch°) = -VS(K°\H w (--)\Ch*°) = Jj(K+\H w (--)\Ep- F ) 

= (k* s /A* s )(K°\H w (-,-)\D°), 

{ (n+\H w (-,-)\C* F + ) = 0. 

\ Vs(e;:\h w (-o)\d + ) = (j= 2 )(E:i\H w (-MD°) 

-- V3(C** + \H W (-,0)\D+) = V6(C s n *°\H w (-,0)\D°) 

-- -V3(C; + \H W (-,0)\D+) = -3(C*\H W (-,0)\D°) = VQ(C s *\H w (-,0)\D°) 
- -{^)(K + K \H w {-MDt) = -3(C* K + \H w (-,0)\Dt) 

= (k* s /A* s )(n+\H w (-,0)\D + ), (B6) 

-- -3(tt + \H w (-,0)\C* d + ) = -3V2(AHU-,0)\Ch°) 

= (k* s /A* s )(n+\H w (-,0)\D+), 

{ (c;°\h w (-,o)\d°) = (k+\h w (-MK + f) = o, 

where A* s is the invariant matrix element of axial charge defined by A* s = (Cp~\A n + \K°). 

In the above, k* and k a (k* and A;*) are not generally equal to each other. However, use of 
the commutation relation, [[H w (— , — ), V D -], V D -\ = [[H w (—, — ), V n -], V w -], with asymptotic 
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SUf(A) symmetry (or an SUf(4) extension of the nonet symmetry in the flavor SUf(3) with 
respect to asymptotic matrix elements of charges) leads to k* = k* (and k* = k*). 

Matrix elements of H w (—, — ) and H w (—, 0) can be related to each other, for example, as 

(« + \H u (--)\D+) = ^(* + \H v (-,0)\D*), etc. (B7) 

Vcd 

by using the commutation relations, [0±(— ,— ), Vr-o] = 0±(— , 0) and [0±(— ,0), Vgo] = 
20±(—,—), where 0±(—,—) and O±(—,0) are four quark operators in H w (—,—) and 
H w {— ,0), respectively, and contributions of the QCD induced penguin term have been 
neglected. 

APPENDIX C: NON-FACTORIZABLE AMPLITUDES 

We here list hard pseudo-scalar-meson amplitudes as the non-factorizable ones which 
include the ETC term describing continuum contributions and the surface term containing 
pole contributions of the ground-state {qq}o, scalar [gg][g<?] and (qq)(qq) mesons and a glue- 
ball. They are revised from the ones given in Ref. || in which the amplitudes involved some 
misprints and the insufficient parameterization of phases of the ETC terms, 
(i) Cabibbo-angle-favored decays: 
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M non . f (Dt - K + K°) 
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III; 
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m A K J 

)-( 
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— m 



° 2 
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(ii) Cabibbo-angle suppressed decays: 

M non _f(D° -> 7T + 7T-) 

(vr + |^|Z5 + ) 





+ 



i<5o(7T7r) 



\m.~... — m z / 
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ml 



in 
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